Schizophrenia is characterized by marked sleepdisturbances, 1 such as difficulty in initiating and maintaining sleep, 2-5 decreased total sleep time, 2,5 poor sleep efficiency, 2,4,5 decreased slow-wave sleep (SWS), 1, 5 and shortened rapid eye movement (REM) latency. [1] [2] [3] However, investigations of the sleep disturbances associated with schizophrenia have yielded inconsistent results, possibly because of the heterogeneity of the disorder and differences in demographic characteristics and the clinical state, phase, and treatment of the illness.
INTRODUCTION
Schizophrenia is characterized by marked sleepdisturbances, 1 such as difficulty in initiating and maintaining sleep, [2] [3] [4] [5] decreased total sleep time, 2, 5 poor sleep efficiency, 2,4,5 decreased slow-wave sleep (SWS), 1, 5 and shortened rapid eye movement (REM) latency. [1] [2] [3] However, investigations of the sleep disturbances associated with schizophrenia have yielded inconsistent results, possibly because of the heterogeneity of the disorder and differences in demographic characteristics and the clinical state, phase, and treatment of the illness.
Studies of spontaneous neural activity provide important information about brain function in patients with schizophrenia, and quantitative electroencephalography (EEG) is a useful technique for assessing brain function. Previous resting-awake EEGs performed in patients with schizophrenia have revealed increased theta and delta activity, decreased alpha activity, and controversial results for beta activity. 6 Sleep EEG is advantageous over waking EEG in that confounding factors related to attention, physical activity, and the presence of active symptoms are minimized. A few recent studies have used quantitative sleep EEG to assess patients with schizophrenia. Of those, some have reported reduced delta 1, 5, 7 and sleep spindle activity, 8 and others have shown elevated beta activity. 9 Delta waves are mediated by thalamo-cortical neurons, 10 and sleep spindles are initiated by the thalamic reticular nucleus 10, 11 in the brain. Patients with schizophrenia have thalamo-cortical dysfunction, [12] [13] [14] [15] which may be related to the generation of delta waves and sleep spindles. Lower frequency (<1 Hz) delta waves during sleep may reflect relevant changes in the functional state of the thalamo-cortical network, 16 so a prominent abnormality in the 0.5-1 Hz component is predicted in patients with schizophrenia. Increased beta activity has been suggested to reflect cortical excitation 17 or tension and anxiety 18 in patients with schizophrenia. Moreover, the negative symptoms of schizophrenia have been associated with decreased delta sleep, 7, 19 and positive symptoms have been associated with increased beta activity. 9 A limitation of most previous sleep micro structural studies of schizophrenia is that the EEG was recorded in only one 5, 9 or two regions. 8, 20 , Jae Won Choi 1 , and Do-Un Jeong detect cortical regional differences 21 that may reflect brain function; thus, EEG patterns in patients with schizophrenia may differ depending on the cortical region considered. Thus, spectral analysis of the sleep EEG in several cortical regions may provide more information about functional changes in the brain of patients with schizophrenia than recording at one or two sites. Therefore, we used quantitative sleep EEG to compare activity in the bilateral frontal, central, and occipital areas in patients with schizophrenia and in healthy controls.
METHODS

Study subjects
We reviewed the medical records of 10 patients with schizophrenia who had undergone nocturnal polysomnography (Profusion PSG3, Compumedics, Abbottsford, VIC, Australia) at the Sleep and Chronobiology Center at Seoul National University Hospital. Based on interviews with a board-certified psychiatrist, we enrolled seven patients diagnosed with schizophrenia and three diagnosed with other psychotic disorders not due to a substance or known physiological condition according to the criteria of the International Classification of Diseases 10th revision. 22 One patient was excluded because of severe obstructive sleep apnea; thus, a total of nine patients were included in the final analysis. Of those, one was medication naive, and eight were taking second-generation (n=7) or first-generation (n=1) antipsychotic drugs. The antipsychotic doses were converted to chlorpromazine equivalents. 23 Three patients were taking concomitant sedatives (zolpidem 5 mg/day, n=2 and lorazepam 0.5 mg/day, n=1). The patients' medical records were used to retrospectively assess the severity of illness using the Clinical Global Impression scale for schizophrenia. We enrolled 10 age-and sex-matched healthy control subjects, based on a structured psychiatric interview, via advertisement. The control subjects underwent nocturnal polysomnography using the same protocol as that used for the patients with schizophrenia. Our study was approved by the Institutional Review Board of Seoul National University Hospital.
Sleep recordings
A standard EEG montage and referential derivations were used for nocturnal polysomnography. EEG was recorded at F3, F4, C3, C4, O1, and O2, using A1 and A2 as reference sites. The sleep variables monitored were time in bed, total sleep time, sleep efficiency, sleep latency, SWS latency, REM sleep latency, wake after sleep onset, the apnea-hypopnea index, and the percentage of each sleep stage relative to total sleep time. The polysomnographic data were scored by an experienced technician and physician, according to the American Academy of Sleep Medicinemanual. 24 Quantitative spectral analysis was performed on each 5-s epoch after removing non-neurological EEG artifacts using the qEEG-PSA program (CIRUS, Camperdown, NSW, Australia). The absolute spectral power for non-REM (NREM) stages N2-3 was obtained in low frequency delta (0.5-1 Hz), delta (0.5-4.5 Hz), theta (4.5-8 Hz), alpha (8-12 Hz), sigma (12-15 Hz), beta (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) , and gamma (32-45 Hz) frequency bands. The relative power for each EEG frequency band was expressed as a ratio of band energy to total power and used in the final analyses.
Statistical analysis
As the data did not consistently meet the criteria for a normal distribution, nonparametric statistical tests were conducted. The Mann-Whitney test was used to compare demographic characteristics, polysomnographic variables, and the spectral power of the EEG bands between groups. The effect of antipsychotic equivalent dosage on EEG spectral power was analyzed in the patient group with Spearman' s correlation coefficient analysis. A p-value <0.05 was considered to indicate statistical significance. All statistical tests were conducted using the Statistical Package for Social Sciences version 18.0 for Windows (SPSS Inc., Chicago, IL, USA).
RESULTS
The participant demographic and clinical variables are shown in Table 1 . The polysomnographic variables of patients with schizophrenia and controls are shown in Table 2 . The time in bed, sleep latency, and apnea-hypoxia index values were significantly higher in the patient than in the control group (p=0.001, 0.028, and 0.035, respectively). No significant differences were observed in total sleep time, total wake time, wake after sleep onset, and sleep efficiency, SWS latency, REM sleep latency, REM percentage, and N1, N2, and N3 percentages of total sleep time.
The quantitative EEG spectral activity during N2 and N3 stage sleep in patients with schizophrenia and controls is shown in Table 3 and 4, respectively. During N2 sleep, the 0.5-1 Hz activity was significantly lower and theta activity was significantly higher at F3, and beta activity was significantly higher at O1 in patients compared with controls. During N3, the alpha activity at O1 was significantly higher in the patients than in controls. No other significant differences were observed between groups.
The correlations between antipsychotic equivalent dosage and spectral power of the EEG with significant between-group differences are shown in Table 5 . Only beta activity at O1 during N2 sleep was inversely correlated with antipsychotic equiv-alent doses (Rho=-0.767, p=0.016).
DISCUSSION
We compared EEG sleep patterns in patients with schizophrenia and healthy controls. We found that the patients spent more time in bed than controls, but had difficulty getting to sleep. During N2, we observed significantly lower 0.5-1 Hz activity and higher theta activity at F3, higher beta activity at O1 in the patients compared with control subjects. During N3, alpha activity at O1 was significantly higher in patients with schizophrenia than in the control group.
Previous studies have found abnormal EEG sleep patterns in patients with schizophrenia. Keshavan et al. 5 reported lower delta activity in the right central area of patients with schizophrenia during NREM sleep, and Göder et al. 25 observed lower delta activity in the bilateral occipital area of patients during SWS. Our findings that 0.5-1 Hz activity was significantly lower in patients than in controls in the left frontal regions during N2 were partially consistent with those of previous studies. Tekell et al. 9 reported increased beta activity in the left central region of patients with schizophrenia during NREM sleep, whereas we observed increased beta activity in the left occipital region of patients with schizophrenia only during N2.
Our failure to find significant between-group differences in more cortical areas and sleep stages may be explained by our small sample size: we found consistent, but non-significant, trends toward lower delta and higher beta power in patients compared with controls in other cortical regions and sleep stages. Further studies with larger samples are needed to confirm and extend our results. In contrast to previous findings showing no change 9 or a decrease in theta activity, 5 we found increased theta activity in the left frontal region of patients with schizophrenia. Moreover, we observed increased alpha activity in the patients. To our knowledge, our study is the first to report EEG changes in alpha activity during sleep in patients with schizophrenia.
The prefrontal cortex is thought to be important for generating synchronized SWSactivity. 26 Several studies have demonstrated frontal lobe dysfunction in patients with schizophre- ; thus, medication may have affected the EEG sleep patterns of our patients. In our study, no significant correlation was found between antipsychotic equivalent dosage and low frequency delta (0.5-1 Hz), theta, or alpha activity. Beta activity during N2 sleep was inversely correlated with antipsychotic equivalent dosage. Thus, the increase in beta activity in patients with schizophrenia may not be explained by an effect of antipsychotic medication.
The most striking finding of our study was that all of the significant differences between the patient and control groups were observed in the left cortical hemisphere (F3, O1). Although we had no data concerning the right or left-handedness of our subjects, it may be that micro structural changes in the sleep patterns of patients with schizophrenia are affected by brain hemisphere dominance. This notion is supported by a previous imaging study showing decreased leftward functional hemispheric lateralization and leftward asymmetry in the thalamus in patients with schizophrenia. 30 However, asleep study using period amplitude analyses found a more marked decrease in delta wave count in the right than in the left frontal and central regions in right-handed patients with schizophrenia. 7 Given these discrepancies, further studies are needed to clarify the significance of brain hemisphere dominance on sleep.
Although we found no significant differences in sleep macrostructure between patients with schizophrenia and healthy controls, the sleep microstructures were significantly different between groups. Decreased slow wave EEG activity and increased alpha and beta activity during sleep are indicators of cerebral dysfunction in patients with schizophrenia, who tend to sleep less deeply and wake after sleep onset more often than healthy subjects. Moreover, such sleep disruptions may be associated with a decline in cognitive function and poor emotional regulation in patients with schizophrenia. 31 Particularly, decreased activity in the low delta 0.5-1 Hz frequency which involved in memory consolidation during sleep in young adults 32 may be related with cognitive impairment in patients with schizophrenia.
Our study has several limitations. First, our sample size was small. Second, schizophrenia is a heterogeneous condition with differences in clinical state, phase, and treatment. Furthermore, we could not rule out pharmacological effects of various antipsychotic 33 and other medications 34, 35 on the EEG findings. Third, the higher apnea-hypopnea index (AHI) of patients compared with that in control subjects may have affected their sleep structure. Because of the restriction of nonparametric tests, we could not adjust for the confounding effect of the AHI.
In conclusion, using EEG spectral analysis, we identified distinctive differences in the sleep microstructure of patients with schizophrenia compared with healthy controls. Decreased low frequency delta (0.5-1 Hz) activity and increased beta and alpha activity during sleep in the patients were indicators of sleep disturbances that may be related to brain dysfunction or the effect of medication. Furthermore, we found different topographical EEG patterns according to cortical region. Further studies with larger study populations are needed to confirm the specificity of our preliminary findings and adjust for the confounding effect of sleep apnea. Pathophysiological significance of the regional differences in the EEG pattern needs to be studied as well. 
